Despite convergent margins being unstable systems, most reports of huge submarine slope failure have come from oceanic volcanoes and passive margins. Swath bathymetry and seismic profiles of the northern Hikurangi subduction system, New Zealand, show a tapering 65-30 km wide by 65 km deep margin indentation, with a giant, 3150+_630 km 3, blocky, debris avalanche deposit projecting 40 km out across horizontal trench fill, and a debris flow deposit projecting over 100 km. Slide blocks are well-bedded, up to 18 km across and 1.2 km high, the largest being at the avalanche deposit's leading edge. Samples dredged from them are mainly Miocene shelf calc-mudstones similar to those outcropping around the indentation. Cores from cover beds suggest that failure occurred -170 +_40 ka, possibly synchronously with a major extension collapse in the upper indentation. However, the northern part of the indentation is much older. The steep, straight northern wall is close to the direction of plate convergence and probably formed around 2.0-0.16 Ma as a large seamount subducted, leaving in its wake a deep groove obliquely across the margin and an unstable triangle of fractured rock in the 60 ø angle between groove and oversteepened margin front. The triangle collapsed as a blocky avalanche, leaving a scalloped southern wall and probably causing a large tsunami. Tentative calculations of compacted volumes suggest that the indentation is over 600 km 3 larger than the avalanche, supporting a twostage origin that includes subduction erosion. Since failure, convergence has carried the deposits -9 km back toward the margin, causing internal compression. The eventual subduction/accretion of the Ruatoria avalanche explains the scarcity of such features on active margins and perhaps the nature of olistostromes in fold belts.
Introduction
Submarine avalanches and debris flows can be enormous.
Those that occur on slopes between land and deep ocean basins can be several orders of magnitude larger than the largest landslides onshore [Hampton et al., 1996] . They can involve the catastrophic movement of hundreds or even thousands of cubic kilometers of broken rock and sediment. They are a threat to offshore structures, such as cables and platforms, and they can devastate coastal areas both by onshore retrogression at their head [Coulter and Migliaccio, 1966; Mulder and Cochonat, 1996] [Lallemand et al., 1990] . ' In this paper, we document the massive Ruatoria debris avalanche and debris flow associated with a large-scale, morphologic indentation of the Hikurangi subduction margin east of North Island, New Zealand. We interpret the indentation and slope failure association from geophysical data to suggest that they result primarily from the Quaternary subduction of a large seamount. We then focus on the dynamics of avalanching and mass balance calculations, infer that oblique seamount impact encourages larger margin collapse compared with orthogonal convergence, and finally discuss the apparent scarcity of such features on active margins.
Geological Setting of Ruatoria Indentation and Avalanche
The Ruatoria indentation and avalanche are located at the northern extremity of the Hikurangi margin, offshore from East Cape (Figure 1) . The Hikurangi margin is at the southern [Collot and Davy, 1998 ]. This wedge is separated from the more stable, upper part of the margin, by the 220-km-long, transcurrent, Awanui Fault, which is cut at its southern end by the Ruatoria indentation (Figure 1 ). The Ruatoria avalanche was first tentatively recognized from conventional bathymetry by [Lewis and Pettinga, 1993] . The preliminary results of the first swath mapping survey of the area appeared to validate the suggestion that rugged topography in the northern Hikurangi Trough was a product of massive slope failure on the adjacent margin. However, it further prompted a suggestion that the geometry of the indentation associated with the slope failure deposit indicates not just gravitational effects but also the tectonic effects of seamount subduction [Collot et al., 1996] . This paper describes both indentation and slope failure deposits in much greater detail using a more comprehensive data set and provides new evidence and new interpretations on their nature, age, evolution, and relationship to one another.
Geophysical and Geological Data Collection and Processing
Multibeam swath bathymetry and backscatter imagery were recorded across the Ruatoria avalanche deposit and lower part of the indentation during the GeodyNZ cruise of the R/V L'Atalante, November 1993 [Collot et al., 1996 Seismic reflection profiles aligned parallel with the margin were obtained during the GeodyNZ cruise. The equipment consisted of two 75 cubic inch GI air guns operating in harmonic mode and a six-channel seismic streamer. Seismic lines transverse to the margin were collected from the R/V Tangaroa in March 1998 with a 75-75 cubic inch GI air gun used in harmonic mode and a 24-channel hydrophone array. Seismic reflection data were processed using Globe Claritas TM seismic processing software to fully migrated sections. Processing included time-domain filtering, predictive deconvolution, threefold stack, and 1500 m s '• velocity migration. We also reinterpreted a series of seismic reflection profiles archived at National Institute of Water and Atmospheric Research Ltd (NIWA).
In April 1991, April 1995 and May 1999, rocks were dredged from the indentation walls and from slope toe blocks (Figure 2 and Table 1) in an eftbrt to determine the relationship between them. Most of the rock sample resembles Cainozoic mudstones on the adjacent land in appearance and degree of induration. Their age and paleoenvironment were deduced by Stratigraphic Solutions Ltd. from their nannofossil and, in some cases, their foraminiferal content. In May 1999, three cores were obtained from cover beds to try to estimate the age of the indentation and avalanche (Figure 2 and Table 2 ). Well-defined correlatable tephras in two of the cores were identified by Auckland UniServices Ltd. using electron microprobe glass shard analysis used to calculate sedimentation rates.
Morphostructure of Ruatoria Indentation

Dimensions and Morphological Divisions of the Ruatoria Indentation
The new bathymetric map and Three-dimensional (3-D) diagram of the northern Hikurangi margin (Figures 3 and 4) show a large indentation incising a steep continental slope for (Table 3 ). On the basis of bathymetric and seismic reflection data we divided the indentation in two structurally distinct parts, a very hummocky lower part, separated by a seaward concave, midslope scarp from a more undulating upper part. In sections 4.2-4.4, we describe a relatively straight northern wall and a highly irregular southern wall, which we consider to be critical to understanding the formation of both the Ruatoria indentation and avalanche. We then show in sections 4.5-4.6 that the upper part of the indentation consists of subsiding sedimentary basins contrasting with its lower part that contains part of the -3400 km 2 blocky avalanche ( Table 3 ).
Straight but Saw-Toothed Northern Wall
The northern wall is 80 km long. Its overall trend is N276øE within 1 ø of our estimated PAC-KER convergence direction. The wall height ranges from nearly 1400 m on the lower slope to < 200 m on parts of the upper slope, the steepest parts being inclined at -22 ø . Rocks from both ends of the wall are calcareous or tuffaceous mudstone of lower Miocene to lower Pleistocene age ( Table 1 ). The northern wall is divided into eight 5-10 km long segments, which appear dextrally offset by -1 km, making the wall saw-toothed in plan ( Figure 5 ). Seismic reflection profile GNZ-05 ( Figure 6 ) suggests that on the lower slope, wall segments merge at depth into steeply south dipping faults that may bottom out on the d•collement. All of the steeply dipping fault segments of the northern wall together form a linear dextral strike-slip fault system that cuts transversally across the margin ( Figure  5 ). The northern wall on the upper slope is associated with clear normal faulting as discussed later in section 4.5 ( Figure   7 ).
Irregular, Scalloped, Southern Wall
Compared with the northern wall, the southern wall is irregular and is extensively scalloped in plan view (Figures 3, 4 and 5). On the lower slope its overall trend is -N320øE, which is significantly different from any value for plate convergence. On the upper slope it trends N280øE, which is within a few degrees of the estimate PAC-KER convergence, and suggests a genetic link with the northern wall.
Conspicuous features of this wall are two large arcuate scarps
on the lower slope as well as smaller ones on the upper slope. sharply cut by the arcuate scarp. Shallow water, calcareous mudstones of lower Miocene to lower Pliocene age were dredged from the main imbricate thrust sheet outcropping at the scarp (Table 1) . We interpret this scarp as a major scar left by blocks that collapsed in the avalanche.
Western Wall-Indentation Head
The western wall has subdued relief of only 200-300 m. It slopes at 4-10 ø and is incised by gullies and small rotational slumps. It trends N27øE, roughly parallel with the regional 
Avalanche-Free Upper Indentation
The relatively smooth upper part of the indentation is generally less than 1700 m deep, although along the northern margin, it extends down to 3300 m deep (Figures 3 and 5 ). Its topography is depressed by 400-800 m below the margin on either side (Figure 3) . The upper indentation has only a few hummocks interpreted as slide blocks suggesting a largely avalanche-free topography. Most of these blocks appear to have detached from scarps inside the upper indentation, but some could have come from the scalloped southern wall (Figures 3 and 5 (Table 1) from this scarp is mid-Miocene calcareous mudstone. Thus our data indicate that in the southern half of the upper indentation, early compression has been followed by extension that is still active.
Avalanche-Covered Lower Indentation
Most of the lower part of the indentation is depressed more than 1 km below the margin on either side and is blanketed by 
Debris Avalanche Deposit
The avalanche deposit consists of a main lobe trending N155øE, and a northeastern secondary lobe trending N80øE (Figures 3 and 5 ). The secondary lobe has a hummocky surface with 30-40 small-sized hummocks (1-5 km across) and a topography that steps down toward the northern wall. The body of the secondary lobe has short, irregular reflectors that extend beneath the deep water reentrant (Figure 10) . It is inferred that this northern lobe was prevented from entering the Kermadec Trench by a basement ridge (R1 in Figure 5 ) that acted as a dam to both avalanche and later turbidity currents.
The main lobe of the avalanche deposit has -70 hummocks more than 1 km across, including at least 20 hummocks 5-18 km across. The lobe extends 70 km seaward t¾om the midslope scarp to -40 km seaward of a line joining the deformation fronts on either side. In several places, small enclosed basins between large blocks have flat-lying and parallel-bedded sediments that are generally 80-120 m thick. In plan view, large hummocks represent -30% of the total area of the avalanche. On the basis of their distribution and size, proximal and distal areas of the avalanche can be recognized.
The proximal area is mainly landward of a line joining the deformation front on either side. It represents -60% of the total avalanche area and is characterized by hummocks that are smaller than in the distal area and by tectonic lineaments. The hummocks, ranging from 1 to 3 km across and from 50 to 350 m high are predominantly located in the secondary lobe 
Debris Flow Deposit
A seismically transparent layer, which extends beneath the Hikurangi Trough for up to 100 km in front of the debris avalanche deposit ( Figure 5 ) and covers -8000 km 2, is inferred to be a debris flow deposit associated with the blocky avalanche. Seismic lines GNZ-14 ( Figure 12 ) and 3044-38 (Figure 13) , which cross the Hikurangi Trough ahead of the avalanche, show five seismic units overlying the Hikurangi Plateau acoustic basement. The deepest unit is the strongly reflective unit F recognized beneath the avalanche mass. A 0.3 stwt thick weakly reflective, parallel-bedded unit (unit T)is overlain by a set of strongly reflective layers (unit X), which in turn are irregularly overlain by the 0.1-0.2 stwt thick transparent layer (unit DF). Unit X contains numerous limited but well-stratified reflectors that have different dips and locally clear evidences of disturbance. The base of unit X is commonly, but not universally, recognized at a strong reflector at the top of unit T. Unit DF shows no coherent reflections, and both its upper and lower surfaces are irregular. Its upper surface is unconformably overlain by the most recent, 0.2 stwt thick and well-stratified unit PAT interpreted as postavalanche trough turbidites. We interpret the transparent unit DF as debris flow deposit and unit X as preexisting trough fill disturbed by passage of the debris flow or by dewatering after rapid loading by the debris flow deposit. Within -20-30 km of the front of the avalanche deposit unit X increases in thickness from 350 ms to 800 ms twt, in places at a preexisting fault (Figures 5 and 12) . We interpret this increase to result from extensive disturbance of trough sediments by the pressure or bow wave in front of the advancing avalanche. Seismic line 3044-38 (Figure 13) shows that the debris flow and the other units younger than unit T were recently shortened. Shortening appears to have initiated by backthrusting these units against the toe of the margin, and then a thrust fault propagated seaward, creating an incipient accretionary lobe. Throughout the east coast region, an Eocene bentonite original environment of deposition (Table 1) , supporting layer is renowned for its high fluid pressures and low shear downwarping of the slope since Miocene times. strength [Mazengarb, 1998] Figure 4) at the seaward end of the northern wall denotes removal of margin material that we believe has been pushed and dragged beneath the margin by the seamount. Fourth, the compacted volume of the indentation is larger than the compacted volume of the avalanche as discussed in section 7.7 (Table 3) Figures 5 and 14) . Structural COLLOT ET AL.: GIANT RUATORIA DEBRIS AVALANCI-I:E, NEW ZEALAND 19,291 lineaments trending N125øE and N60øE across the avalanche deposit form a pattern of conjugate faults, which is compatible with shortening in response to the N277øE oriented PAC-KER convergence vector ( Figure 5 ). Shortening is also evident within the debris flow. The western part of the debris flow is involved in an incipient accretionary lobe that develops against the toe of the margin (Figure 13 ). An estimated 3.2 km minimum shortening at this site suggests a 60 ka age for the debris flow. However, this presupposes that the debris flow originally touched the base of the margin at that point and must therefore be regarded as a minimum age. 7.6. Dynamics of Avalanching 7.6.1. Main avalanche-main and secondary lobes. The two lobes of the avalanche are of similar ages since the cover beds of their small, enclosed basins have similar thickness. The splitting of a single avalanche in two lobes may have been controlled by the NW trending high in basement topography that outcrops just seaward of the division between the lobes (R2 in Figure 5 ). We infer that the main avalanche began in the southern part of the indentation. Its northern edge flowed landward of the basement high. Its main part was diverted south of the high and out across the Hikurangi Trough. 7.6.2. Large frontal blocks. The main Ruatoria avalanche deposit has the largest blocks at its leading edge, unlike most other large avalanche deposits, which have the biggest blocks somewhere in the middle [Jacobs, 1995; Masson, 1996; Moore et al., 1989 ]. This may be at least partly a function of the original, prefailure profile of the margin as well as relative velocities during transport. If the largest blocks form where the failing mass was thickest, then the oversteepened, tectonically eroded, lower slope of the northern Hikurangi margin would produce the largest blocks near its leading edge. More typical, concave upward slopes might produce them in the middle. In some situations, large blocks can "ground" like icebergs with the rest of the flow moving more quickly around them [Masson et al., 1998 ]. They can also have the momentum to outrun the rest of an avalanche by trapping fluid or hydroplaning over a fluid substrate at their leading edge [Lipman et al., 1988; Mohrig et al., 1998 ]. The Ruatoria Knoll and its adjacent blocks moved for over 40 km over a flat plain by riding over thin, soft, unconsolidated, sandy mud turbidires that rest on Cainozoic pelagic drape. The momentum to achieve this came from their initial fall height. If, as we suspect, the initial massive block originated from the lowermost of two large scallops in the southern wall, then the depth difference between the knoll summit and the upper headwall (Figure 8) aAvalanche deposit is divided into 300-m-thick slices. Slice volumes (Vol) are calculated using GMT 3.1 package. P1 is porosity for rafted blocks; rafted blocks are likely to be fractured and their porosity is considered to be -20% on average, slightly higher than the margin rocks from which they originated. P2 is porosity for matrix material; avalanche matrix has a depth-dependent porosity similar to that of debris flows drilled elsewhere in the world. Porosities as high as 65% were measured over the upper 100 m below seafloor (bsf) of cores from a debris flow offshore Baja California, and a 60% average porosity is reported over Table 3 ), and C1, C2, and C3 the compaction factors for margin rocks, avalanche, and debris flow deposits, respectively. Volume V3 appears in both equation members but with different compaction factors since it involves margin rocks which remained in the margin after slope failure. By considering that most of the debris flow consists of remobilized trough fill as discussed above, this equation can be simplified as:
volumes (Plate ld and
(V 1 +V2+V3) * CI -Va * C2 = 0.
(2)
Porosity and therefore compaction estimates in the avalanche deposit and indentation rocks are difficult. Using an average 15% porosity P1 from adjacent East Cape rocks [Field et al., 1997] that we believe are similar in lithology and age to the rocks of the indentation, we derived a compacted VI+V2+V3 indentation volume of 2570 km 3 (Table 3) . On the basis of porosity values indicated in Table 4 and considering that the Ruatoria avalanche deposit was emplaced as a single event, we calculated the porosity of the debris avalanche as a Plate 1. Models used in mass balance calculations (equal-area Lambert projection). (a) Reconstructed topography of the margin and trench before subsidence and avalanche, (b) present seafloor topography, (c) isopach of the avalanche (S2-S3); (d) cross sections before (S1) and after (S2) subsidence and avalanching; base of avalanche (S3); avalanche (Va=S2-S3) is blue and striped blue areas; V1 is negative part of (S2-S1) minus V2; V2 is negative part of (S2-S1) in avalanche contour; V3 is (S2-S3) in indentation minus V4; V4 is positive part of (S2-S1) in indentation contour, only used to calculate V3; inset map showing extent of indentation (green) and avalanche (blue), with black line showing no change in height before and after the avalanche (S2-S1=0); (e) is the difference in height between topographies after (Plate lb) and before (Plate la) subsidence and avalanching. S1 (stage A)was constructed by replacing indentation topography by interpolated bathymetric contours between indentation's southern and northern walls and by removing avalanche and debris flow on downgoing plate. S3 was obtained by picking avalanche's base on seismic reflection profiles (Figure 2) weighted average of the matrix porosity and rafted margin blocks for a series of 300-m-thick avalanche slices and derived a corresponding compacted volume for each slice (Table 4 ). The compacted volume for the debris avalanche is 1958 + 392 km 3 assuming a 20% error. This volume is 612 km 3 smaller than the 2570+514 km 3 compacted indentation volume, a value that is significant with respect to the error on the compacted volumes. In an open system such as the Hikurangi subduction zone a significant negative difference between the compacted indentation and avalanche volumes can be interpreted as the result of avalanche subduction or tectonic erosion of the margin. The lack of evidence of avalanche deposit underthrusting the margin favors tectonic erosion prior to avalanching, a process that is already suggested by the structural analysis of the indentation. One can note that this difference in volumes is close to the 790 km 3 of the compacted upper indentation volume (V1, Plate 1) and consistent with removal of margin material by basal erosion. Our calculations also indicate that the compacted avalanche volume (1958 km 3) match, within errors, the V2+V3 lower indentation volume (1780 km•). However, if our scenario is correct, then the northern part of the lower slope had already been removed by seamount subduction resulting in the deepwater reentrant (Figure 15b ). Therefore, in addition to the triangle the collapse may also have involved fractured rocks from the southern side of the groove-like indentation. This may indicate an originally diffuse southern wall produced by a seamount with a long southeastern "tail" like the nearby Gisborne and Mahia seamounts. The latter examples occur on an accretionary margin that is subject to subduction erosion and oblique convergence, so that some of the factors causing instability are comparable with those at the Ruatoria indentation. Despite the factors that lead to instability on subduction margins in addition to those on passive margins, large slope failures are comparatively rare. The combination of oblique subduction and regional instability that occur on the northern Hikurangi margin may not be common. However, the main reason may not be intYequent occurrence but rather that slope failure deposits are soon destroyed by continuing convergence that carries them back to the margin they came from. For instance, an avalanche deposit that extends 50 k m beyond the toe of the slope on the northern Hikurangi margin will take only •-1 Myr to be carried back to the margin, where it will be either shortened and plastered against the margin or carded beneath it. Such deposits may be the gravitationally redeposited and tectonically deformed "chaos breccias" and olistostromes of future landmasses.
Scarcity of Avalanches on
Conclusions
The main results of our study are as follows: 1. The Ruatoria debris avalanche deposit covers an area of -3400 km 2, is up to 2 km thick, and has a gross volume of over 3100 km 3. It has two lobes, the main one originally extending over 50 km from the toe of the margin. It has at least 100 blocks >1 km across, including Ruatoria Knoll that is 18 km in maximum dimension. The largest blocks, which may be over 2 km thick, are near its leading edge. 
